The regulation of myogenic progenitor cells during muscle regeneration is not clearly understood. We have previously shown that the Foxk1 gene, a member of the forkhead/winged helix family of transcription factors, is expressed in myogenic progenitor cells in adult skeletal muscle. In the present study, we utilize transgenic technology and demonstrate that the 4.6 kb upstream fragment of the Foxk1 gene directs b-galactosidase expression to the myogenic progenitor cell population. We further establish that Sox15 directs Foxk1 expression to the myogenic progenitor cell population, as it binds to an evolutionarily conserved site and recruits Fhl3 to transcriptionally coactivate Foxk1 gene expression. Knockdown of endogenous Sox15 results in perturbed cell cycle kinetics and decreased Foxk1 expression. Furthermore, Sox15 mutant mice display perturbed skeletal muscle regeneration, due in part to decreased numbers of satellite cells and decreased Foxk1 expression. These studies demonstrate that Sox15, Fhl3 and Foxk1 function to coordinately regulate the myogenic progenitor cell population and skeletal muscle regeneration.
Introduction
Skeletal muscle has the capacity for self-repair. Resident within adult skeletal muscle is a pool of undifferentiated myogenic progenitor cells (MPCs) that includes satellite cells (Miller et al, 1999; Mourkioti and Rosenthal, 2005) . Satellite cells are small mononuclear cells that share a common basal lamina with the larger multinucleated myocytes, and are located in a peripheral (or satellite) position with respect to the multinucleated myofiber (Mauro, 1961) . Following muscle injury, the MPCs are activated, they proliferate and withdraw from the cell cycle to form multinucleated myofibers in a manner that recapitulates the fundamental events of muscle development in the fetus (Sheehan and Allen, 1999; Snider and Tapscott, 2003; Shi and Garry, 2006) . The MPCs are selfrenewing and replenish a pool of quiescent progenitors; however, this capacity for self-renewal is finite and repeated injuries ultimately lead to loss of muscle mass and myopathies (Conboy and Rando, 2002; Olguin and Olwin, 2004; Collins et al, 2005) . MPCs are arrested at an early stage of the myogenic program such that they do not express any of the bHLH proteins of the MyoD family (Shi and Garry, 2006) . Recent studies have begun to identify factors that are expressed in the satellite cell population, including Foxk1, Pax7, C-met, syndecan3/4 and Pax3, although the molecular regulation of this cell population remains ill-defined (Garry et al, 1997; Borycki et al. 1999; Cornelison et al, 2001; Cornelison et al, 2004; Deasy et al, 2005; Montarras et al, 2005) .
Members of the forkhead/winged helix (Fox) transcription factor family, which has more than 100 constituents, have been identified in a number of vertebrate cell lineages and are known to exert important regulatory functions during development in the control of cell fate, patterning, proliferation, differentiation and tissue morphogenesis (Lai et al, 1993; Ang and Rossant 1994) . With respect to stem cells and/or tissue repair, a mammalian forkhead/winged helix protein termed Foxd3 (Genesis) is expressed selectively in embryonic stem cells and Foxa2 has been identified in regenerating hepatocytes (Sutton et al, 1996; Ye et al, 1997) . We have previously shown that Foxk1 is expressed in the satellite cell population that is resident in adult skeletal muscle (Garry et al, 1997) . Using a gene disruption strategy, we have observed that mice that lack Foxk1 have impaired muscle regeneration, dysregulation of the cyclin-dependent kinase inhibitor, p21 (Cdkn1a), and perturbed cell cycle progression of the MPC population Hawke et al, 2003a) .
Sox transcription factors are found in all metazoan species and, like forkhead transcription factors, play key roles in embryonic development. Satellite cells also express Sox transcription factors (Béranger et al, 2000; Schmidt et al, 2003) . Members of the Sox transcription factor family have relative homology of the high-mobility group (HMG) DNA binding domain (Wilson and Koopman, 2002) . For example, Sox2 is an essential regulator of ES cells, whereas Sox4 and Sox5 are key regulators of cardiac development (Koopman et al, 2004) . Sox transcription factors interact with protein partners and function to either activate or repress downsteam target gene expression (Koopman et al, 2004) . Sox15, a member of this family, is expressed in satellite cells, and mice-lacking Sox15 are viable but appear to have impaired skeletal muscle regeneration (Lee et al, 2004) . Overall, the functional role of Sox15 in the MPC population is unclear.
Transcriptional regulators of gene expression interact with adaptor proteins to form a regulatory complex of nuclear proteins. The Four and a half LIM domain family of proteins are regulators of growth and discrete stages of development and cellular differentiation (Chu et al, 2000; Mü ller et al, 2002) . The LIM domain is characterized by a double zincfinger motif that mediates protein-protein interactions. Fhl3 has previously been described to be expressed in skeletal muscle and is localized to the cytoplasmic and the nuclear compartments, although the functional role of this factor is unclear (Morgan and Madgwick, 1998) .
In the present study, we pursued a strategy to decipher the regulatory mechanisms that govern cell cycle re-entry of quiescent satellite cells. We demonstrate that Sox15 recruits Fhl3 to form a complex that coactivates the Foxk1 gene. We further establish that Sox15 directs Foxk1 expression to the MPC population. These studies support the notion that Foxk1 is a direct downstream target of Sox15. This Sox15-Fhl3 interaction and subsequent regulation of Foxk1 provides a mechanism whereby quiescent satellite cells re-enter the cell cycle and regenerate injured skeletal muscle. These studies enhance our understanding of the molecular regulation of the MPC population and will provide a platform for therapeutic applications for the treatment of debilitating myopathies.
Results
We have previously reported that the forkhead/winged helix transcription factor, Foxk1, is expressed in MPCs that are resident in adult skeletal muscle using light microscopic and ultrastructural immunohistochemical techniques (Garry et al, 1997) . We have further defined Foxk1 as an important cell cycle regulator of the MPC population Hawke et al, 2003a) . To examine the regulation of the Foxk1 gene, we characterized a 4.6 kb Foxk1 promoter fragment that contained evolutionarily conserved regions between mouse and human. We generated transgenic mice using this 4.6 kb Foxk1 promoter fragment to drive the lacZ reporter gene ( Figure 1A ). Expression was observed in three transgenic lines and in all three lines b-galactosidase staining was specific to the muscle precursor cells of the developing limbs (E11.5, E13.5 and E14.5) ( Figure 1B-E) . These results indicate that the 4.6 kb promoter of Foxk1 contains regulatory elements that control expression in a cell lineage that are destined to become skeletal muscle (the MPC population) in the developing limbs ( Figures 1E-K) . During midgestational stages of embryogenesis (E13.5), expression of the 4.6 kb Foxk1 promoter was colocalized with Foxk1 in developing muscle using immunohistochemical techniques, a Foxk1 antiserum and a b-galactosidase antiserum ( Figure 1G and H). Whereas the 4.6 kb Foxk1-lacZ expression largely recapitulated endogenous Foxk1 expression in the developing limbs, trunk muscles (low level) and heart (low level), b-galactosidase expression was not observed in the developing somites (Supplementary Figure 1) .
Following birth, expression of the 4.6 kb Foxk1 promoter fragment is limited to the quiescent MPC population. In response to cardiotoxin-induced injury to hindlimb skeletal muscle, we have shown that the MPC population undergoes activation (D1 following injury) and a tremendous proliferative expansion (D2-D5) with the formation of newly regenerated myotubes (D5-D10) following cardiotoxin injury (Hawke et al, 2003a; Goetsch et al, 2003) . In the present study, we observed that the expression of the 4.6 kb Foxk1 promoter recapitulates Foxk1 expression during muscle regeneration and identifies both quiescent satellite cells and proliferating myogenic progenitor cells, but is not expressed in differentiated myotubes using whole-mount ( Figure 2A ) and histological sections of 5 day injured ( Figure 2B ), 10 day injured ( Figure 2C ), 4.6 kb Foxk1:mdx ( Figure 2D ) and uninjured skeletal muscle (Figure 2E and F) . The mdx mouse lacks dystrophin and is characterized by cycles of degeneration and regeneration of skeletal muscle.
A detailed analysis of the Foxk1 upstream fragment has been undertaken using a transgenic strategy. We generated mice harboring either 1.6 kb Foxk1 promoter-lacZ or 0.6 kb Foxk1 promoter-LacZ transgenes and we observed that a distal 3 kb fragment contains an enhancer(s) that directs expression in the MPC population (Supplementary Table 1 ).
Sox15 binds to the Foxk1 promoter
Database analysis of this 3 kb upstream fragment of the Foxk1 gene revealed the presence of a Sox binding element (SBE) that was evolutionarily conserved between mouse and human ( Figure 3A ). Using electrophoretic mobility shift assays (EMSA) and a 23-oligonucleotide probe of the Foxk1 promoter that contains the SBE, we examined the capacity of a myc-Sox15 fusion protein to bind to this DNA probe. As outlined in Figure 3B (mouse) and Supplementary Figure 2 (human), we demonstrated that Sox15 binds to this site (i.e. SBE) in the Foxk1 promoter, and that the myc-Sox15 fusion protein-oligonucleotide complex could be competed with cold competitor. We further demonstrated that mutagenesis of three nucleotides within the SBE of the radiolabeled oligonucleotide probe precluded formation of the protein-DNA complex ( Figure 3B ). Additionally, the incubation of the wild-type oligonucleotide probe that contains the SBE with the myc-Sox15 fusion protein and anti-myc serum resulted in the supershift of the protein-DNA complex ( Figure 3B ).
To further investigate whether Sox15 interacts and binds to the Foxk1 promoter, we performed chromatin immunoprecipitation (ChIP) assays. Chromatin fragments from lysates of C2C12 cells transfected with a plasmid expressing myc-Sox15 were precipitated with a myc antibody or control IgG ( Figure 3C ). DNA from the immunoprecipitates was subjected to PCR analysis using primers specific to the Foxk1 promoter harboring the SBE. As shown in Figure 3C , chromatin fragments containing the Sox15 binding site in the Foxk1 gene were specifically immunoprecipitated by the myc antibody in cells expressing the myc-Sox15 fusion protein. No chromatin fragments were precipitated by control IgG that further established the specificity of Sox15 binding to the Foxk1 promoter ( Figure 3C ).
Sox15 transcriptionally activates Foxk1 gene expression
We performed transcriptional assays to assess the specificity of Sox transcription factors as regulators of Foxk1 gene expression. We fused the 4.6 kb Foxk1 promoter to the luciferase reporter ( Figure 3E ). We transfected C2C12 myoblasts (a cell line generated from satellite cells) with the Foxk1 promoter-reporter construct and Sox factors that have been reported to be expressed in the MPC population (i.e. Sox8 and Sox15) (Schmidt et al, 2003; Lee et al, 2004) . We observed that Sox15, in a dose-dependent manner, was a potent transcriptional regulator of Foxk1 gene expression as it resulted in more than a 40-fold activation ( Figure 3E ). In contrast, Sox8 did not transcriptionally activate the Foxk1 gene ( Figure 3E ). To further examine the specificity of Sox15 transcriptional activity, we evaluated whether Sox15 was capable of activation of the myoglobin gene (a wellcharacterized muscle-specific promoter in our laboratory) (Garry et al, 1996 (Garry et al, , 1998 Grange et al, 2002) . We observed that Sox15 is not a transcriptional activator of the 2.0 kb myoglobin promoter-luc construct (Supplementary Figure 3) .
To further evaluate the capacity of Sox15 to transcriptionally activate Foxk1, we overexpressed Sox15 (pcDNA-GFPSox15) in C2C12 myoblasts and assayed for endogenous Foxk1 transcript expression using QRT-PCR analysis. We observed that 24 h following overexpression of Sox15, Foxk1 mRNA was significantly increased more than twofold compared with the control (n ¼ 4 for each sample; *Po0.001) ( Figure 3D ). The induction of endogenous Foxk1 expression is consistent with the hypothesis that Sox15 is an upstream regulator of the Foxk1 gene.
Mutagenesis of the Sox binding site attenuates Foxk1 gene expression
We undertook in vitro and in vivo studies to further examine whether Sox15 is an upstream regulator of the Foxk1 gene. We mutagenized three nucleotides within the SBE located in the 4.6 kb Foxk1 promoter and performed transcriptional and transgenic analyses. Mutagenesis of the SBE in the 4.6 kb Foxk1-luc plasmid and cotransfection with a Sox15 expression plasmid resulted in a 90% reduction of luciferase activity in C2C12 cells compared with the wild-type control (n ¼ 3 for each group; *Po0.01) ( Figure 3F ). We further examined the endogenous expression of the 4.6 kb (DSBE)Foxk1-lacZ construct using transgenic technologies. Mutant transgenic embryos were harvested in parallel with controls, fixed, stained with X-gal and examined for b-galactosidase expression. Expression was observed in 15 DSBE mutant-Foxk1 transgenic embryos at E13.5 and all had a severe reduction of b-galactosidase expression in the fore and hindlimbs ( Figure 3G and Supplementary Figure 4) . These results further establish that Sox15 is a direct upstream transcriptional regulator of Foxk1 expression.
Sox15 physically interacts with Fhl3
Having established that Sox15 is an essential upstream regulator of Foxk1, we undertook a yeast two-hybrid assay to define the proteins that interact with Sox15 in the regulation of Foxk1 and the MPC population. We utilized the longest Sox15 construct (1-181) that lacked autoactivation as bait and screened a commercially available adult skeletal muscle library ( Figure 4A ). We identified the LIM-only protein, Fhl3, as a Sox15 interacting factor, which was confirmed using full-length Fhl3 in the yeast two-hybrid assay ( Figure 4B ). Fhl3 did not interact with the GAL4 DNA binding domain alone and there was no interaction between the bait and the GAL4 activation domain ( Figure 4B ). This interaction was further confirmed in mammalian cells using co-immunoprecipitation (co-IP) assays after myc-tagged Sox15 and HA-tagged Fhl3 or HA-tagged Sox15 and myc-tagged Fhl3 were coexpressed in C2C12 cells ( Figure 4C) .
To further investigate the interaction between Fhl3 and Sox15, we transfected C2C12 myoblasts with HA-Fhl3 and myc-Sox15 and examined the localization of these fusion proteins using immunohistochemical and confocal microscopic techniques. Sox15 was restricted to the nuclear compartment and colocalized with Fhl3 ( Figure 4D ). In addition, Fhl3 was abundantly expressed in myoblasts in the cytoplasmic and nuclear compartment and decreased in expression following differentiation using immunohistochemical and Western blot analyses ( Figure 4D and Supplementary Figure  5 ). Future studies may further examine the interacting partners for Sox15 using an array of in vitro and in vivo (i.e. FRET) techniques.
Having established that Fhl3 interacts with Sox15 and is coexpressed in C2C12 myoblasts, we examined the role of 5) . Using the same probe that has a mutated Sox binding site, no protein-DNA complex is formed (lane 6; mut). Using a myc antibody that recognizes the myc-Sox15 fusion protein, the protein-DNA complex is supershifted (lane 7; SS). (C) ChIP assay was undertaken following the overexpression of the mycSox15 fusion protein in C2C12 myoblasts, crosslinking and IP of the myc-Sox15 fusion protein-DNA complexes. Co-IP of the targeted promoter DNA was analyzed by PCR amplification. DNA was also isolated without IP and used as input. IP of the myc-Sox15 fusion protein pulled down the Foxk1 promoter. Note that no DNA was immunoprecipitated with the control IgG. (D) Forced overexpression of Sox15 in C2C12 cells compared with overexpression of a GFP expression plasmid (control) reveals a two-fold increase in endogenous Foxk1 transcript expression (n ¼ 4 for each sample; *Po0.001). (E) Sox15 specifically transactivates the Foxk1 promoter. Schematic of the 4.6 kb Foxk1 promoter-luc plasmid used in these assays containing the Sox binding motif is shown. Overexpression of increasing amounts of Sox8 or Sox15 demonstrates a dose-dependent transcriptional activation of the Foxk1 promoter by Sox15 (n ¼ 9 for each sample; *Po0.001). In contrast, Sox8 does not activate the Foxk1 promoter. Western blot analysis of extracts isolated from C2C12 myoblasts following overexpression of myc-Sox15 reveals overexpression of the fusion protein in a dosedependent manner in C2C12 myoblasts (a-tubulin is used as a loading control). (F) Transfection of Sox15 expression plasmids with wild-type (WT) or mutant (mut) Sox binding site reveals a 90% decrease in luciferase activity following transfection with the mutated Foxk1 vector (n ¼ 3 for each sample; *Po0.01). (G) Mutagenesis of the SBE in the 4.6 kb Foxk1 promoter-lacZ transgene extinguishes b-galactosidase expression in the limbs of E13.5 embryos compared with age-matched controls (a total of 15 mutant transgenics were evaluated and all had significantly decreased or no expression in the developing limbs).
Fhl3 as a transcriptional regulator of Foxk1. We found that Fhl3 alone had no transcriptional activity, but in combination with Sox15 there was a dose-dependent transcriptional synergy in the activation of Foxk1 gene expression ( Figure 4E ). These studies support the hypothesis that Sox15 interacts with a complex that includes Fhl3 to regulate Foxk1 gene expression and the MPC population.
Identification of the Sox15-Fhl3 interacting domains
To enhance our understanding regarding the molecular basis of the Sox15-Fhl3 interaction, we generated deletional constructs to identify the interaction domains for each protein.
We mapped the interaction domains using yeast two-hybrid and GST pull-down assays. The Fhl3 binding domain of Sox15 was mapped using a series of Sox15 deletion mutants. Sox15 deletional mutants (1-181 and 136-181) strongly interacted with Fhl3 using a yeast two-hybrid assay ( Figure 5A ). These results were confirmed using GST pull-down assays, as full length (1-231) and the deletion mutant (136-181) interacted with Fhl3 ( Figure 5B ). In contrast, deletion constructs that contained the N-terminal (1-46) or the HMG domain (47-135) did not interact with Fhl3 ( Figure 5A and B) . We conclude that residues between 136 and 181 of Sox15 are sufficient to bind Fhl3. We further emphasize that unlike other Sox factors, where the HMG domain serves a dual role as a DNA binding domain and an interaction domain to partner with other nuclear factors, the Fhl3 interacting domain is a non-HMG domain (136-181).
To map the Sox15 binding region of Fhl3, we performed yeast two-hybrid and GST pull-down assays using Fhl3 deletional constructs and in vitro-translated Sox15. As shown in Figure 5C , only full-length (1-289) Fhl3 interacted with Sox15 using a yeast two-hybrid assay. Furthermore, GST pull-down assays revealed that full-length Fhl3 and each individual LIM domain interacted with Sox15 but with different affinities ( Figure 5D ). We observed that the LIM1 domain had the highest affinity for Sox15 ( Figure 5D ). These data support the conclusion that Fhl3 forms multiple specific contacts with Sox15, which are consistent with previous reports of protein-protein interactions of other LIM-only proteins (Mü ller et al, 2002; Turner et al, 2003) .
To further examine the functional role of Sox15 and Fhl3 interaction, we examined the transcriptional activity of Sox15 deletional constructs that differed in the carboxy-terminal region and the Fhl3 interacting domain. Following transfection of the respective Sox15 constructs with the 4.6 kb Foxk1 reporter plasmid in C2C12 myoblasts, we observed that only the full-length Sox15 displays transcriptional regulation of the Foxk1 gene ( Figure 5E and F) . Deletion of the Fhl3 interacting domain (construct designated as D136-181) resulted in a lack of transcriptional activity, further supporting the notion that the transcriptional activation domain for Sox15 is also, in part, harbored within the 136-231 region ( Figure 5E and F) . 
Inactivation of Sox15 results in perturbed cell cycle kinetics
Our initial efforts to further define the functional role of Sox15 in the MPC population utilized three distinct Sox15 small interfering RNA (siRNA) double-stranded (ds) oligomers ( Figure 6 and Supplementary Figure 6 ). Sox15-specific siRNA were transfected into asynchronously dividing C2C12 myoblasts to knock down Sox15 transcript expression. Fortyeight hours following transfection, we analyzed the experimental and control cells for phenotypic differences and analyzed the respective cell populations for their cell cycle kinetics and gene expression ( Figure 6 and Supplementary Figure 6 ). Transfection with the RISC control (nonfunctional, nontargeting siRNAs) had no effect on cellular proliferation, cell cycle kinetics or gene expression (Figure 6 ). In contrast, transfection of Sox15 siRNA resulted in a severe decrease of Sox15 mRNA ( Figure 6E ). The knockdown of Sox15 expression resulted in decreased cellular proliferation as measured by BrdU incorporation (which labels cells in the S-phase of the cell cycle as a measure of cellular proliferation), impaired cell cycle kinetics (i.e. G0/G1 cell cycle arrest) and decreased Foxk1 transcript expression ( Figure 6A-E) . No evidence of increased apoptosis was observed in the experimental versus the control samples using FACS analysis (n ¼ 3 for each sample). The impaired cell cycle kinetics (i.e. G0/G1 cell cycle arrest) and decreased Foxk1 transcript expression were observed using three separate double-stranded oligos directed against different regions of the Sox15 transcript ( Figure 6 and Supplementary Figure 6) . The G0/G1 cell cycle arrest following Sox15 knockdown ( Figures 6C and D ) was associated with an induction of Cdkn1a (p21), but no change in Cdkn1b (p27) transcript levels was measured by QRT-PCR analysis ( Figure 6E ). These results are similar to those observed in the Foxk1 mutant satellite cells (Hawke et al, 2003a) . In contrast, knockdown of Fhl3 in C2C12 cells had no effect on cell cycle kinetics (Supplementary Figure 7) . The lack of an effect of Fhl3 knockdown on cell cycle kinetics may be due to redundancy of other LIM only family members as Fhl2 is capable of synergistic coactivation of Foxk1 gene expression (Supplementary Figure 8) but does not physically interact with Sox15 using co-IP assays (data not shown).
Sox15-null mice have perturbed muscle regeneration
To further examine the role of Sox15 in the MPC population, we analyzed the Sox15-deficient mice. In contrast to previous reports, which analyzed the Sox15 mutant phenotype in a mixed 129/C57BL/6 strain (Lee et al, 2004) , we undertook our studies in the pure C57BL/6 background. Two weeks following an intramuscular delivery of cardiotoxin, wild-type mice had evidence (centronucleated myotubes, which are a hallmark of regeneration) of complete skeletal muscle regeneration, whereas the Sox15 mutant mice had a modest impairment with evidence of persistent necrosis and replacement of myofibers with adipose tissue (Figure 7A and B) . Using electron microscopy, we observed approximately an 80% reduction in the number of satellite cells located within the Sox15-null tibialis anterior muscles compared with the wild-type controls (n ¼ 3 for each sample; Figure 7C -E). Sox15 mutant MPCs displayed impaired proliferation, as measured by Ki67 immunohistochemical staining (Supplementary Figure 9) , and a three-fold decrease in Foxk1 expression without evidence of impaired differentiation ( Figure 7F-J) . These data further establish a role for Sox15 as a regulator of Foxk1 expression and the myogenic progenitor cell population.
Coexpression of Sox15, Fhl3 and Foxk1
Previous studies by our laboratory and others have demonstrated that Foxk1 and Sox15 are expressed in satellite cells that are resident in adult skeletal muscle (Garry et al, 1997; Lee et al, 2004) . To further examine Fhl3 biology, we used Northern blot analysis to examine transcript expression in a spectrum of adult murine tissues. We observed that the Fhl3 transcript was approximately 1.8 kb in size and abundantly expressed in striated muscle (heart and skeletal muscle) (Supplementary Figure 10A) . Using semiquantitative RT-PCR analysis, we observed that Sox15, Fhl3 and Foxk1 are coexpressed in C2C12 cells (Supplementary Figure 10B) . Moreover, using immunohistochemical techniques, we examined the endogenous Sox15 and Fhl3 expression in unperturbed adult murine skeletal muscle. Using polyclonal antisera and immunohistochemical techniques, we observed that both Sox15 and Fhl3 were expressed in a sublaminar cell population that is likely to be the MPC population (Supplementary Figure 10C -K). It is likely that Fhl3 is expressed more broadly and is not limited to the satellite cell pool in skeletal muscle as the other LIM-only proteins such as Fhl1 and Fhl2 are expressed in a variety of lineages. These results further support the conclusion that Foxk1, Sox15 and Fhl3 are expressed in the MPC population of adult skeletal muscle. 
Discussion
In response to a severe injury that destroys a majority of the tissue, skeletal muscle is capable of complete regeneration and restoration of the cytoarchitecture within a 2-week period (Miller et al, 1999; Shi and Garry 2006) . This remarkable regenerative capacity is due to a rare population of cells termed myogenic progenitor cells that are resident in adult skeletal muscle. Although intense interest has been directed toward muscle regeneration, the molecular mechanisms that direct the MPC population are incompletely defined. In the present study, we have begun to decipher the MPC regulatory program by making three principal findings that enhance our mechanistic understanding of the MPC population. First, we utilized transgenic technology to define modular sequences of the Foxk1 gene that directs lacZ reporter expression to the MPC population. We have previously demonstrated that Foxk1 is restricted to the MPC population in adult skeletal muscle (Garry et al, 1997 Hawke et al, 2003a) . Using a gene disruption strategy, we have observed that mice that lack Foxk1 have impaired muscle regeneration, dysregulation of the cyclin-dependent kinase inhibitor, p21, and perturbed cell cycle progression of the MPC population Hawke et al, 2003a) . The analysis of several transgenic constructs of the Foxk1 promoter revealed a modular region that contained an evolutionarily conserved SBE that directed expression to the MPC population during embryogenesis and in adult skeletal muscle.
The second major finding of the present study is that Sox15 is a potent transcriptional activator of the Foxk1 gene. The Sox transcription factor family has a number of members that function as key regulators of stem cell and progenitor cell function (Wilson and Koopman, 2002; Koopman et al, 2004) . For example, Sox2 forms a transcriptional complex with Oct3/4 to regulate gene expression and maintain the pluripotent state of ES cells (Wilson and Koopman, 2002) . In a similar manner, Sox2 has been shown to be an important transcriptional regulator in neural stem cells. Moreover, Sox17, Sox5, Sox6, Sox8, Sox9 and Sox10 are important transcriptional regulators in endodermal, neural, cardiac, neural crest and oligodendrocyte precursor cells, respectively (Wilson and Koopman, 2002) . Sox8 and Sox15 are expressed in the MPC population that resides in adult skeletal muscle (Béranger et al, 2000; Schmidt et al, 2003; Lee et al, 2004) . Recent studies suggested that the overexpression of either Sox8 or Sox15 resulted in an inhibition of the C2C12 differentiation program (Béranger et al, 2000; Schmidt et al, 2003) . Furthermore, mice (in a mixed 129/C57BL/6 strain) lacking Sox15 were viable but appeared to have impaired muscle regeneration in response to a crush injury and appeared to have a differentiation defect, although the mechanisms underlying this phenotype are unknown (Lee et al, 2004) . In the present study, we provide molecular biological and biochemical data supporting the role of Sox15 as an upstream regulator of Foxk1. Furthermore, using a knockdown strategy to decrease endogenous Sox15 expression, we observed impaired cell cycle kinetics and decreased Foxk1 expression. These studies have been extended through our analysis of Sox15-deficient skeletal muscle in the C57BL/6 strain. Sox15 mutant skeletal muscle in the C57Bl/6 strain had impaired regeneration following the delivery of a myonecrotic agent, severely decreased numbers of MPCs (satellite cells) resident in adult skeletal muscle, impaired proliferation of the MPCs (without impaired differentiation) and decreased levels of Foxk1 transcript expression. One explanation for the differences observed in the present study versus the original report (Lee et al, 2004) characterizing the Sox15-null phenotype is most likely due to strain differences and the presence of modifier genes. Collectively, the knockdown and gene disruption strategies to inactivate Sox15 outlined in the Figure 7 Sox15-deficient skeletal muscle has perturbed regeneration. (A, B) Adult male WT and Sox15À/À mice received intramuscular delivery of cardiotoxin into the tibialis anterior muscles and were killed 2 weeks following injury. Note the centronucleated myofibers (arrowheads) throughout the WT muscle. While the Sox15À/À muscle has evidence of centronucleated myofibers (black arrowheads), there is evidence of impaired regeneration with the presence of fibrous, necrotic tissue (white arrowheads) and adipose tissue replacing myofibers (B; white arrowhead). (C-E) Using electron microscopy, both WT and Sox15À/À tibialis anterior (TA) muscles have evidence of satellite cells (SC), but quantitation (E) reveals a severe decrease in the number of satellite cells in the absence of Sox15. Note the total of nuclei evaluated in WT (1400 nuclei) and Sox15À/À (1096 nuclei) TA muscles (n ¼ 3 for each sample; *Po0.005). (F-I) Primary MPCs (including satellite cells) were isolated from postnatal day 2 littermates (offspring from Sox15 heterozygous matings), genotyped and equal numbers of myoblasts were plated. Note decreased numbers of Sox15-null MPCs (G) compared with the WT control (F). Once the respective myoblast cultures were 90% confluent, they were cultured in differentiation media for an additional 3 days. Both the WT and Sox15-null myoblasts differentiated at the same rate and formed equal numbers of myotubes (H and I; white arrowheads) (performed in triplicate). (J) QRT-PCR analysis for Foxk1 expression in WT and Sox15À/À primary MPCs. Note more than a three-fold decrease in Foxk1 expression in the absence of Sox15 (n ¼ 3 for each sample; *Po0.005).
present study support an important role for Sox15 in the regulation of Foxk1 and the MPC population.
Previous studies have demonstrated that the functional role of Sox transcription factors is in part determined by their collaborating or interacting factors (i.e. Sox factors have been shown to interact with Oct3/4, Mef2, Wnt/b-catenin, etc.) (Wilson and Koopman, 2002) . Our third principal observation is that Sox15 physically interacts with Fhl3 to synergistically coactivate Foxk1 gene expression. FHL proteins have similarly been shown to function as critical regulators of progenitor cell populations (Chu et al, 2000; Fimia et al, 2000; Kong et al, 2001; Mü ller et al, 2002; Morlon and Sassone-Corsi, 2003; Gü nther et al, 2005) . One member of this family, Fhl2 (also called DRAL for 'downregulated in rhabdomyosarcoma), is expressed in cardiac progenitors and has been shown to function as a coactivator of CREB/CREM (Kong et al, 2001; Fimia et al, 2000) . In the present study, we showed that Fhl3 has multiple specific contacts with the non-HMG domain of and this complex coactivates the Foxk1 gene in the nuclear compartment. These adaptor proteins (non-DNA binding proteins) presumably recruit other factors that further facilitate gene expression. While knockdown studies of Fhl3 revealed no differences in the MPC cell cycle kinetics, redundancy by other family members (i.e. Fhl2) may compensate for decreased expression of Fhl3. Future strategies to produce a complete absence of Fhl3 (i.e. the production of mice lacking Fhl3) may be necessary to comprehensively analyze the role of Fhl3 and MPC proliferation.
In summary, adult skeletal muscle has a tremendous regenerative capacity due to resident MPCs including satellite cells. Intense efforts have been directed toward an enhanced understanding of the molecular regulation of the quiescent, activated and proliferating states of the satellite cell pool. Although the role of Sox and Fox factors has been shown to regulate essential functions in stem cell and progenitor cells, the interaction and coordinated regulation of Sox and Fox factors have not been described previously. Therefore, our results not only define Sox15 as the first transcriptional coactivator of Foxk1 but also integrate cofactors such as Fhl3 in a novel pathway linking the molecular regulation of the MPC population and regeneration. Definition of these molecular cascades in the MPC population will serve as a platform for the design of cell-based therapies for the future treatment of myopathic diseases.
Materials and methods

Transgenic mice
The transgene constructs (4.6, 1.6 and 0.6 kb Foxk1 fragments) were subcloned into a lacZ reporter cassette (generously provided by E Olson) (Cheng et al, 1993; Masino et al, 2004) . Transgenic mice were generated following microinjection of the respective constructs into fertilized F2 eggs (B6SJLFF1; Jackson Laboratories), which were reimplanted into pseudopregnant F1 foster ICR mothers (Harlan). Identification of transgenic mice was undertaken using PCR for lacZ, and b-galactosidase expression was assessed using whole-mount and histological/histochemical techniques (Cheng et al, 1993; Masino et al, 2004) .
Combinatorial matings were used to generate 4.6 kb Foxk1 promoter:mdx mice. C57BL/10ScSn mdx mice were obtained from Jackson Laboratories (Bar Harbor, ME). Cardiotoxin-induced muscle injury was performed as previously described and as outlined in Supplementary data (Garry et al, 1997 Hawke et al. 2003b ).
Founder analyses were undertaken for the mutagenesis of the SBE within the 4.6 kb Foxk1 upstream fragment. The SBE was mutated from the sequence AACAATG to AATCCTG in the 4.6 kb Foxk1 promoter-lacZ (wild type) vector using PCR-based sitedirected mutagenesis and ligated into the 4.6 kb Foxk1-lacZ plasmid using BglII and AflII restriction enzyme cuts that flanked the Sox mutation. As described above, embryos were harvested at E13.5 and processed for b-galactosidase staining. The yolk sacs from each embryo were genotyped as outlined above. Whole-mount preparations of the embryos are further described in Supplementary data.
Sox15-null mice
Sox15-null mice were engineered as previously described (Lee et al, 2004) and mated into the C57BL/6 strain.
Immunohistochemistry of tissue sections, C2C12 cells and primary MPCs
Immunohistochemistry was performed as previously described (Garry et al, 1996 (Garry et al, , 1997 and outlined in greater detail in Supplementary data. Primary antisera utilized in this study included an affinity-purified Foxk1 rabbit polyclonal antibody (1:200 dilution), a rabbit Sox15 polyclonal antibody (1:50 dilution) and a chicken anti-Fhl3 polyclonal serum (1:500 dilution; Abcam), a monoclonal laminin antibody (1:200; Dako), a monoclonal b-galactosidase antibody (1:50; Hybridoma Bank) and a monoclonal desmin antibody (1:250; Dako). Following incubation with the respective fluorophore-conjugated secondary antisera, the sections were coverslipped with Vectashield and imaged using a Zeiss LSM510 META confocal microscope. Detailed immunohistochemical colocalization assays undertaken in C2C12 cells and primary MPCs are outlined in the Supplementary data.
Electrophoretic mobility shift assay
Sox15 in vitro-translated protein was generated using the pCS3 þ MT-Sox15 vector and the Promega TNT kit (Molkentin et al, 1996; Yang et al, 2000) . A 100 mM length of a 23-bp oligonucleotide (5 0 -ATTACTGAACAATGGGGTCACAG-3 0 ) corresponding to a region in the Foxk1 5 0 upstream region and its reverse compliment, and the Sox mutated binding element oligonucleotide 5 0 ATTACTGAATCCTGGGGTCACAG3 0 and its reverse compliment were used as DNA probes. Further details of the EMSA are described in Supplementary data.
ChIP and GST pull-down assays
ChIP assays were performed following the transfection of the mycSox15 plasmid into C2C12 myoblasts, formaldehyde fixation and neutralization with glycine (Liu et al, 2005) . Briefly, the nuclear extracts were sonicated and the chromatin complex was immunoprecipitated with anti-myc conjugated with agarose (Sigma Chemical) or anti-rabbit IgG conjugated to agarose (Sigma Chemical). The immunoprecipitation product was washed, eluted, reverse crosslinked, treated with protease K, extracted with phenol/chloroform/ isoamyl alcohol, precipitated with ethanol and finally resuspended in H 2 O. Standard PCR was performed to analyze the DNA fragment.
GST pull-down assays utilized Escherichia coli BL21 expressing GST-Fhl3 fusion proteins, which were extracted with B-PER bacterical protein extraction reagent (Pierce Biochemicals) and then purified with glutathione-Sepharose 4B (GE Healthcare) (Liu et al, 2005) . Sox15 constructs were cloned into the pCS3 þ MT vector and in vitro translated using TNT-coupled reticulocyte lysate systems (Promega). GST fusion proteins bound to Sepharose beads were incubated with 35 S-Met-labeled in vitro-translated protein product and the BL21 cell extract. The beads pull-down complex was washed four times and resuspended in loading buffer, analyzed using a 12% gel and imaged.
Transcriptional assays C2C12 myoblasts and COS-7 cells were cultured in 35 mm dishes containing DMEM (Gibco) supplemented with 20 and 10% fetal bovine serum respectively. Approximately 1.2 Â10 5 of cells were transfected with lipofectamine (Invitrogen) and assayed for both luciferase and b-galactosidase activity (Molkentin et al, 1996; Yang et al, 2000) . Cells were transfected with 0.5 mg of the 4.6 kb Foxk1 promoter fused to the luciferase reporter, along with 0.25 mg b-actin-LacZ (internal control), increasing amounts of transcription factor and an empty vector (pcDNA3.1) to standardize the total amount of transfected DNA at 2 mg. Cells were incubated in transfected media supplemented with Opti-MEM (Gibco) for 4 h and then incubated overnight with normal growth media. Luciferase assays were performed using the Promega luciferase assay system. All fold changes in luciferase activity were normalized to bgalactosidase activity and to the vector alone (Molkentin et al, 1996; Yang et al, 2000) . All transfection experiments were performed in triplicate and replicated.
Yeast two-hybrid and co-IP assays
The yeast two-hybrid screen was performed following the standard procedure as described (Yeast Protocols Handbook). Sox15 (amino acids 1-181) was cloned into pGBKT7 and used as bait to screen human skeletal muscle cDNA library (Clontech). For interacting domain mapping experiments, the Sox15 deletion constructs were cloned by PCR into pGBKT7, and the Fhl3 deletion constructs were cloned into pGADT7. The interaction was analyzed on selection medium plates (Ade-His-Leu-Trp) (Wang et al, 2001 ). Co-IP assays were undertaken as previously described and are outlined in Supplementary data. RNA interference siRNA ds oligos (SMARTpool, Dharmacon) were transfected in C2C12 myoblasts with modifications as described . Sequences are available upon request. Additional methodological information is available in Supplementary data.
Supplementary data
Supplementary data are available at The EMBO Journal Online (http://www.embojournal.org).
